Capacitively coupled plasma glow discharges have been extensively used for materials processing in numerous industrial applications. Considerable research has been performed on plasma sheaths and standing waves over a capacitive applicator, which typically holds the processed substrate (e.g., a semiconductor wafer). In this work, we demonstrate for the first time the existence of normal modes in electric potential analogous to the vibrational modes in circular membranes and plates. These modes are exhibited through cross spectral analysis of the plasma potential measured with an emissive probe at 208 spatial positions and sampled at 1 GHz. These modes exist at several frequencies and are described by a series of Bessel functions. The data further suggests a nonlinear interaction between modes of different frequencies.
Introduction.-In low temperature, nonequilibrium plasmas, ions are accelerated towards surfaces by highly directional electric fields resulting from potentials in the sheath and presheath regions. These fields and potentials have been studied and modeled by numerous researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] . In recent years, a great deal of attention has been given to standing waves in capacitively driven plasmas [10] [11] [12] [13] [14] [15] . Standing waves have been seen in high frequency capacitive discharges between closely spaced parallel plates. A model in slab geometry [16] was developed to predict the wavelengths of the modes. The model clearly indicates the presence of standing waves in a capacitive discharge for both symmetric and asymmetric devices. The wave pattern depends on both the gas pressure and driver frequency.
A capacitive applicator in this work is defined as an rfdriven electrode placed in contact with a glow discharge plasma generated by other means such as from an inductively coupled or microwave source. These applicators are typically used to accelerate ions towards a substrate in plasma processing applications. In this work, the radius of the applicator is 15 cm and it is isolated from ground by an approximately 4 cm aluminum oxide ring with an embedded electrode assembly. The normal modes observed in this experiment are analogous to the vibrational modes in circular membranes and plates. As the plasma is nonmagnetized, the modes can be determined using the two-dimensional scalar wave equation using the same solution techniques employed for vibrating membranes and plates. Mathematically, they are described as a linear combination of Bessel functions and a harmonic solution of sines and cosines in radial and angular coordinates, respectively.
An emissive probe [17, 18] , used to measure the plasma potential, V p , is located 0.95 cm above the applicator and moved by a two-dimensional drive system. The heater current to the probe is switched off during the 100 s measurement to eliminate uncertainties due to the heater voltage. V p is mapped at 208 spatial locations and digitized at 1 GHz. An electrically floating probe is located 1.84 cm above the center of applicator to afford a means to generate correlation functions for the detection of waves in the low temperature plasma. The experimental bulk plasma is produced by a low frequency (800 kHz) inductively coupled plasma (ICP) discharge. Two higher frequency (2 and 60 MHz) fields are applied simultaneously through the capacitive plasma applicator, and the vacuum chamber walls serve as the path for currents to return to ground. In other studies focused purely on capacitive discharges, the gap between electrodes (1-5 cm) is on the order of, or smaller than, twice the skin depth ¼ c ! pe , where c is the speed of light and ! pe is the electron plasma frequency. In this reactor, the gap height is approximately 17.5 cm or 7. An additional Langmuir probe is used to provide basic bulk plasma parameters (n ffi 5 Â 10 11 cm 3 , T e ffi 3 eV). A schematic of the plasma chamber and sheaths is shown in Fig. 1(a) . The probe electronics for the pulsed emissive probe and drive systems are described elsewhere [18] . The plasma potential, with no bias on the applicator, is shown in Fig. 1(b) for a 450 Watt ICP argon plasma at 5 mT; the plasma potential is constant over the entire capacitive applicator as expected. The measurements are 10 shot averages at each spatial position. The plasma potential does not drop to zero at the edge of the 30 cm (outer diameter) plasma applicator; rather, this is where the data acquisition plane is terminated. The electron temperature was also measured, and it is highly uniform and about 3 eV over the entire surface of the applicator.
When the dual frequency capacitive plasma applicator (at 2 and 60 MHz) and the inductive coupler are simultaneously applied, it is postulated that standing waves can occur [10] [11] [12] . To better understand this phenomenon, correlation measurements are taken between the movable emissive probe and the stationary floating probe. To identify any modes which may exist above the applicator plane, one cannot take a temporal average at each probe location and use it to build a two dimensional picture of the structure; any random oscillatory events would be averaged out. Also, it is infeasible to put hundreds of macroscopic probes in the plasma as they would greatly perturb the system.
The correlation Cross Spectral Function (CSF) [19] is given by the following expression:
V float and V plas are the two probe signals. First, they are filtered at frequency ! 0 using a digital filter. The average of the time series hi is subtracted from the series so that only the oscillating part remains.r is the vector separation of the probes (in this data set, there are 208 r values), and is the lag time. Suppose the signal is a propagating pulse. At some time t, the pulse has gotten to one probe but not the other, so when the signals are multiplied, you get nothing. At a given lag time, the signal could arrive at the second probe, so when you multiply them, you get a nonzero value. The denominator is the autocorrelation function, which normalizes C to AE1. We then average this over a 15-shot ensemble (15 shots were chosen so each data run would take 4 hours).
The CSF data were all acquired with a fill pressure of 5 mT Ar. The reference probe, which is a small (3 mm diameter) Langmuir probe, is terminated by a 1 M resistor. If the data are not filtered, the contribution from all harmonics gives a complex pattern as shown in Fig. 2 . As time goes by, the pattern changes polarity and smaller features come and go. The pattern is the superposition of modes existing at the driver frequencies, and possibly their harmonics.
To explore this, the data were filtered and CSFs calculated at individual frequencies. The CSF Cðf ¼ 2:18 MHz, x, y, ) and a color bar indicating its value are shown at three delay times over the entire wafer in Fig. 3 Left. The first at a lag of 0 ¼ 0 s, the second with a lag 1 ¼ 0 þ 0:115 s, and the third 2 ¼ 0 þ 0:230 s. The wave period is 0:459 s. The pattern oscillates as an m ¼ 0, J 0 (kr) standing mode much as the lowest order vibration of a drum. The CSF at 60 MHz, as a function of delay time at the center of the wafer, is shown in Fig. 3 Right. The 60 MHz wave has a 16.7 ns period; the 1 GHz digitization rate is adequate to track the signal. Figure 3 Right shows the spatial distribution of the CSF above the wafer at three values of the delay time . Unlike the CSF in the 2 MHz case, there is considerable structure visible. The CSF does not appear to be azimuthally symmetric as one would expect. The pattern suggests a distorted m ¼ 1 mode. The pattern could be altered by changing the location of the reference probe whose shaft was always over the wafer. To test for this, a second CSF data run was acquired with the reference probe 3 cm from the edge of the wafer. The pattern was essentially the same in that case.
The data suggest that the CSF can be decomposed into a Fourier-Bessel series using only several terms. If F is the fit to the experimental data, and R the radius of the wafer: 
This set of basis functions implicitly requires boundary conditions, i.e., the modes are set to zero at the edge of the wafer, r ¼ R, for Dirichlet boundary conditions, exactly equivalent to clamped, vibrating membranes and plates. Data for the experiment is only available for the area above the wafer, not to the boundary at the chamber grounded surfaces (e.g., grounded walls and electrode assembly housing) where we could be sure this is a good assumption. However, investigation of analogous fits using Neumann or mixed Dirchlet and Neumann boundary conditions show that the broad character of the modes does not change appreciably. These latter boundary conditions are an analog to unclamped or partially clamped vibrating membranes and plates, respectively. In either case, the squared error term is E 2 ¼ P NÀ1 i¼0 w i ½Fðr i ; i Þ À f i 2 where the sum is over all spatial locations with valid data, f i . We perform a least squares fit by minimizing the error for each coefficient with the weighting function w i r i to orthogonalize the series. For example, the first equation is
where we use a normalized radius with 0 r i 1 and z 00 is first zero of J 0 . The problem becomes one of matrix inversion for each coefficient. Figure 4 shows two fitting functions to the 60 MHz data shown in Fig. 3 . In the left-hand panel, only ðm; nÞ ¼ ð0; 1Þ. In the panel on the right, the indicies where Bessel functions up to n ¼ 4 and m numbers of up to 4 were used in the fit. It is clear that when enough terms are used, the series approximates the data quite well as expected; however, the first two modes can be used as a rough approximation. A time series of the 60 MHz correlation shows that it is modulated by 5-10% at 2 MHz. This modulation may be reflected in the m ¼ 0 component of the CSF. The CSF is normalized. A Fourier transform of the potential shows that the fluctuations at 60 MHz and its sidebands and harmonics are larger than those closer to 2 MHz. However, the 60 MHz CSF is clearly modulated by 2 MHz. The modulation is indicative of a nonlinear interaction, most likely in the plasma sheath, between the different harmonics.
Summary and conclusions.-For the first time, to these authors' knowledge, we have clearly observed normal modes of standing waves in the plasma potential at the fundamental frequencies of the bias voltages over the entire surface of a capacitive applicator. Higher harmonics are observed but are not analyzed here. A previous study [12] has provided evidence for the existence of standing waves through ion current measurements across the grounded electrode of a capacitively generated discharge. These measurements were time-averaged as the data acquisition was performed on time scales much larger than the rf periods, and, consequently, any ion current fluctuations whose average value is close to zero would not be observed. Furthermore, the normal modes in potential observed in this study would not affect the ion current density as the excitation frequency is well above the ion plasma frequency.
The observed normal modes in potential can be expressed as summations of Bessel functions much as the vibrational modes in circular membranes and plates. In the electrostatic limit, the Boltzmann relation links electron density to plasma potential fluctuations (n ¼ n 0 e ðq'=kT e Þ ). Consequently, these measurements suggest there will be fluctuations in the electron density above a processed sub -FIG. 4 (color) . Bessel function fits to the 60 MHz data shown in Fig. 3(b) . (a) J 0 ðrÞ and J 1 ðrÞ½ sinm cosm m¼0;1 . (b) Fit to the data for ðm; nÞ ¼ ð0 À 4; 0 À 4Þ. This is to be compared to Fig. 3(b) . The moving probe enters the system along the x axis from the right. strate resting on a capacitive applicator that could affect local electron-neutral kinetic reactions. The modes are most likely excited by the oscillations of the plasma-sheath interface [1, 2] including harmonic oscillations arising from the nonlinear mechanisms governing the sheath dynamics. As the frequency is increased, the order of the normal modes is postulated to increase as these modes are likely determined by the impedance terminating conditions on the chamber surfaces. Stray impedances (e.g., small reactive impedances) due to structural vacuum chamber subtleties such as substrate feedthroughs, pump and gas inlet ports, and isolation valves, for example, have a greater effect as the frequency is increased. These stray impedances are further hypothesized to affect the distribution of rf currents returning to grounded surfaces thereby influencing the magnitudes and directions of the current density vectors in the sheaths, presheaths, and bulk plasma. In the bulk, the rf currents are predominantly carried by electrons, and it is likely that the modes observed in this work have corresponding fluctuations in the density (and perhaps even the localized heating) of the electrons. Better understandings of these effects will undoubtedly improve uniform power coupling in plasma processing systems. Capacitive applicators of various kinds have been used in glow discharge processing plasmas for over 30 years; the physics is now catching up with the applications. Detailed study of waves, sheaths, and particle motion in these tools is ever more important to improving their performance and guiding in their future design.
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